Butyrate has been used to treat different inflammatory disease with positive outcomes, the mechanisms by which butyrate exerts its anti-inflammatory effects remain largely undefined. Here we proposed a new mechanism that butyrate manipulate endogenous host defense peptides (HDPs) which contributes to the elimination of Escherichia coli O157:H7, and thus affects the alleviation of inflammation. An experiment in piglets treated with butyrate (0.2% of diets) 2 days before E. coli O157:H7 challenge was designed to investigate porcine HDP expression, inflammation and E. coli E. coli O157:H7, a predominant enterohemorrhagic Escherichia coli (EHEC) serotype, can cause acute gastroenteritis that may be complicated by life-threatening systemic sequelae 1 . EHEC is a non-invasive pathogen 2 that adheres to intestinal cells and forms attaching and effacing lesions 3 . Damage to the intestinal epithelium allows bacterial virulence factors, such as Shiga toxin, to enter the systemic circulation 4 . Bacterial virulence factors circulate and bind to platelets, monocytes, and neutrophils as well as to platelet-monocyte and platelet-neutrophil complexes 5, 6 . These factors can then be transferred to target organs, including the kidney and the brain 4 . Large amounts of circulating virulence factors can increase the risk of hemolytic uremic syndrome (HUS), in which red blood cells are destroyed and the kidney exhibits glomerular and tubular damage with extensive apoptosis of renal cortical cells 7, 8 . However, no specific treatment is available for EHEC-induced HUS. Treatment with antibiotics is not recommended because they may increase toxin release and cause complications 9 . Our previous studies showed that the expression of PR-39, one of host defense peptides (HDPs), was upregulated with ETEC challenge in two breeds of pigs 10 . HDPs are a group of gene encoded, cationic, small peptides that are essential effector molecules of the innate immune system 11 existing ubiquitously in both plant and animal kingdoms 12 . Defensins and cathelicidins represent the two major classes of HDPs in vertebrates [13] [14] [15] . Thus far, 13 β -defensins and 11 cathelicidins have been identified in pigs 12 . The 13 β -defensins are porcine β -defensin 1 (pBD1), pBD2, pBD3, pBD4, pBD104, pBD108, pBD114, pBD123, pBD125, pBD126, pBD129, epididymis protein 2 splicing variant C (pEP2C) and pEP2E 12, 16 . The 11 porcine cathelicidins are proline-arginine-rich 39-amino-acid peptide (PR-39), proline-phenylalanine-rich prophenin-1 (PF-1) and PF-2, cysteine-rich PG 1 (PG-1) to PG-5, and three porcine myeloid antimicrobial peptides (PMAP)-23, . HDPs are produced constitutively by epithelial cells and phagocytes or are induced during inflammation and infection
Results
NaB alleviates clinical symptoms caused by E. coli O157:H7 infection. E. coli O157:H7-challenged piglets developed clinical signs of disease, including loss of appetite, ruffled fur, decreased activity and lethargy, after 24 h of infection. However, the piglets treated with NaB showed no symptoms. Body weight loss due to E. coli O157:H7 infection in the NaB-treated group occurred before day 5, but animals began to recover by day 10 (Fig. 1A) . Compared with the control group, E. coli O157:H7-challenged piglets suffered from kidney enlargement (p < 0.05, Fig. 1B ), anemia (p < 0.05, Fig. 1C ), thrombopenia (p < 0.05, Fig. 1D ), and increased plasma creatinine levels (p < 0.05, Fig. 1E ). In contrast, NaB-treated piglets with E. coli O157:H7 infections showed a normal kidney index and normal levels of hemoglobin, platelet counts and plasma creatinine concentrations. The microscopic analysis of piglet kidneys from the E. coli O157:H7-challenged group showed that glomeruli were shrunken and tubular epithelial cells were desquamated with typical apoptotic features, such as cell shrinkage and membrane blebbing (Fig. 1G) , whereas NaB treatment alleviated these histopathological signs of kidney damage (Fig. 1H) . No histopathological signs were observed in either the control group (Fig. 1F) or the NaB group (Fig. 1I) .
NaB reduces E. coli O157:H7 counts in feces. To investigate whether the positive effects of NaB treatment on clinical symptoms were connected to a reduction of the E. coli O157:H7 load in the gut, a Kaplan-Meier survival-plot analysis of colony-forming units (CFUs) in the stool was performed. Compared with the untreated infected piglets, piglets treated with NaB exhibited a greater reduction of E. coli O157:H7 shedding in feces (log-rank test, p < 0.001). In addition, their E. coli O157:H7 counts in the feces decreased by approximately 10-fold (6.08 × 10 7 vs. 2.46 × 10 6 ) at 72 h and by approximately 10 2 -fold (5.09 × 10 7 vs. 6.28 × 10 4 ) at 96 h. The CFU counts of the E. coli O157:H7 shed in the feces of infected untreated piglets remained at a high level over time (Fig. 2) .
NaB ameliorates the inflammation caused by E. coli O157:H7 infection. Butyrate generally elicits
anti-inflammatory effects [34] [35] [36] [37] . To confirm the effects of butyrate on the inflammation caused by E. coli O157:H7 infection, the concentrations of pro-inflammatory cytokines and immunoglobulins in serum were measured (Fig. 3A,B) . E. coli O157:H7 infection significantly increased the levels of pro-inflammatory cytokines (IL-6, IL-1β , and TNF-α ) and immunoglobulins (IgA and IgG) compared with the control group. Dietary NaB can prevent E. coli O157:H7-induced increases in serum concentrations of IL-6, IL-1β , TNF-α , IgA, and IgG.
The infiltration of CD68 + macrophages and CD177 + neutrophils into colonic tissue was detected through immunohistochemical analysis (Fig. 3C,D) . Macrophages and neutrophils minimally infiltrated the colons of the piglets in the control group and the NaB-treated group. The infiltration of CD68 + macrophages and CD177 + neutrophils into the colonic lesion area was increased in the E. coli O157:H7-challenged group compared with the control group. By contrast, the infiltration of macrophages and neutrophils decreased when the piglets were treated with NaB 2 d before E. coli O157:H7 challenge compared with the group challenged with E. coli O157:H7 alone.
NaB stimulates HDP gene expression. To further elucidate the effects of NaB on HDP gene expression in piglets, ileum and colon tissues were collected from the control group and the NaB-treated group and subjected to qPCR analysis to examine whether NaB can induce HDP expression in vivo. NaB treatment significantly upregulated pBD2 and pBD3 gene expression in the ileum and colon (Fig. 4A,B) . We also stimulated porcine 3D4/2 cell lines with different NaB concentrations for 24 h and with 4 mmol/L NaB for different times. We then performed qPCR analysis. The results show that treatment with NaB for 24 h markedly increased the expression of HDPs, such as pBD2, pBD3, PG1-5 (PG1, PG2, PG3, PG4 and PG5), PMAP37 and PR-39, in 3D4/2 cells in a dose-dependent manner (Fig. 4C ). An obvious time-dependent induction of pBD2, pBD3, PG1-5, PMAP37 and PR-39 was also observed (Fig. 4D) . These results are consistent with earlier reports on humans and chickens [27] [28] [29] . pBD1 gene expression was not changed.
Butyrate upregulates endogenous HDPs via HDAC inhibition. Previous studies in other cell types
have demonstrated that butyrate inhibits the activity of HDACs 38 . To determine whether butyrate behaves as an HDAC inhibitor in 3D4/2 cells, we first evaluated whether butyrate could inhibit HDAC enzymes expressed in nuclear cell extracts by incubating nuclear cell extracts with butyrate. Incubation with butyrate showed a significant dose-dependent inhibition of HDAC activity (Fig. 5A) . Second, we investigated whether butyrate was able to directly modulate HDAC enzyme activity in 3D4/2 cells by treating cells with NaB, TSA (an HDAC inhibitor) or a histone acetyltransferases (HAT) inhibitor for 24 h. The results show that NaB and TSA could enter 3D4/2 cells to inhibit HDAC activity, whereas the HAT inhibitor had no influence (Fig. 5B ). To further demonstrate that butyrate acts as an HDAC inhibitor, we treated 3D4/2 cells with butyrate and quantified the histone H3 acetylation levels by western blot and immunofluorescence. Similar to TSA, butyrate increased histone acetylation, whereas the HAT inhibitor inhibited histone acetylation (Fig. 5C,D) . These results suggest that NaB behaves as an HDAC inhibitor in 3D4/2 cells.
HATs and HDACs have opposing activities in regulating gene expression. To verify that HDAC and the HAT inhibitor had opposite effects on HDP gene expression, we treated 3D4/2 cells with NaB, TSA and the + macrophage infiltrate (E) and the CD177 + neutrophil infiltrate (F). Four to six microscopic fields were randomly selected from each sample. Data plotted represent the mean ± SEM. *Indicates a significant difference (p < 0.05) compared to that of control group by One-way ANOVA. # Indicates a significant difference (p < 0.05) compared to that of infected group by One-way ANOVA.
HAT inhibitor for 24 h. HDP gene expression was analyzed by qPCR. The results show that both NaB and TSA, HDAC inhibitors, upregulated the expression of 9 HDP genes, including pBD2, pBD3, PG1-5, PMAP37 and PR39, whereas the HAT inhibitor treatment downregulated the expression of these genes (Fig. 5E) . Furthermore, ChIP experiments revealed that treatment of 3D4/2 cells with NaB or TSA led to an increase in histone 3 lysine 9 (H3K9Ac) levels at the promoter regions of pBD2, pBD3, PG1-5, PMAP37 and PR39 but not pBD1, whereas the HAT inhibitor inhibited H3K9Ac levels at the promoter regions of these genes (Fig. 5F ). H3K9Ac is typically considered a marker of transcriptional activation 39, 40 . Taken together, these results suggest that butyrate upregulates endogenous HDPs via HDAC inhibition.
Butyrate augments the antibacterial activity and bacterial clearance of 3D4/2 cells, leading to an amelioration of the inflammation, which is likely due to induction of the endogenous synthesis of HDPs. The intracellular environment of defense cells, such as macrophages, is hostile to Data are presented as the mean ± SEM, n = 6. *Indicates a significant difference (p < 0.05) and **Indicate an extreme significant difference (p < 0.01) compared to that of control group by Students t-test.
bacteria because of the secretion of antimicrobial peptides and the generation of reactive oxygen intermediates. To investigate whether the antibacterial activity of 3D4/2 cells was enhanced by NaB-induced HDP gene expression, we stimulated 3D4/2 cells with NaB, TSA and HAT inhibitor for 24 h, lysed the cells, incubated the cell lysates with E. coli O157:H7, and measured bacterial turbidity every 2 h. The results show that bacteria grew well in the LB medium. NaB-treated 3D4/2 lysates, which exhibited NaB-induced HDP expression, significantly suppressed bacterial growth, whereas HAT inhibitor-treated cell lysates, which showed a downregulation of HDPs, had a weaker ability to kill bacteria compared with the lysates from untreated cells (Fig. 6A ). To further rule out the possibility that butyrate's augmentation of antibacterial activity was not attributable to a change in the oxidative burst activity of 3D4/2 cells, we treated 3D4/2 cells with different concentrations of butyrate for 24 h and then incubated them with DCFH. The distribution of the fluorescein was analyzed by FACS. The results show that butyrate has no effect on the oxidative burst in macrophage cells (Fig. 6B ). These results indicate that butyrate enhances the antibacterial activity of macrophages through the upregulation of HDP expression.
We further examined the influence of butyrate on E. coli O157:H7 phagocytosis by 3D4/2 cells. 3D4/2 cells were treated with NaB, TSA and the HAT inhibitor for 24 h and then infected with E. coli O157:H7 for 1 h. After the adherent and non-adherent bacteria were killed by gentamycin, cells were washed, lysed, and placed onto LB agar and the resulting colonies were counted. The results show that the number of living E. coli O157:H7 phagocytosed by macrophages treated with NaB and TSA was significantly less than that of the control group, whereas the number of living E. coli O157:H7 phagocytosed by macrophages treated with the HAT inhibitor was significantly greater than that of the control (Fig. 6C) . Two possible explanations may account for these results: NaB suppressed bacterial phagocytosis by macrophages or NaB enhanced bacterial clearance by macrophages. We evaluated the effect of NaB on the phagocytic capacity of 3D4/2 macrophages by FACS analysis. The (B) HDAC activity in 3D4/2 cells was determined. Cells were incubated with NaB, TSA or an HAT inhibitor for 24h. The results were normalized using the control as 100%. *** Indicate an extreme significant difference (p < 0.001) compared to that of control group by One-way ANOVA. Western blot (C) and immunofluorescence (D) analysis of acetylated histone complex H3 in 3D4/2 cells. 3D4/2 cells were incubated with NaB, TSA or HAT inhibitor for 24 h. Western blot analysis of the acetylation of H3 (AcH3) was examined in the nuclear extract. Immunofluorescent staining with anti-AcH3 (red) Ab. Cells were counterstained with DAPI. Effects of butyrate, TSA and HAT inhibitor on HDP gene expression in macrophage 3D4/2 cells. (E) 3D4/2 cells were treated with NaB, TSA and an HAT inhibitor for 24 h. cDNA was analyzed by qPCR. Gene expression changes are expressed as the foldchange in transcription in treatedcells with respect to un-treated cells. Numbers < 1 denote downregulation, and those > 1 indicate upregulation. Data were normalized to GAPDH. (F) 3D4/2 cells were treated with NaB, TSA or an HAT inhibitor for 24 h. Samples were analyzed by ChIP using antibodies against H3K9Ac. Purified DNA was analyzed by qPCR using primers specific to the promoters of the indicated genes. Normalized results are shown as a percentage of the input values.
incubation of 3D4/2 cells with NaB, TSA and the HAT inhibitor for 24 h had no effect on macrophage phagocytic capacity (Fig. 6D) . Previous reports have shown that HDPs, such as LL-37 and HNP1-3, enhance bacterial clearance by phagocytes [41] [42] [43] . By upregulating HDP gene expression, NaB enhanced the bacterial clearance of 3D4/2 cells, whereas the HAT inhibitor suppressed bacterial clearance by downregulating HDP gene expression. These results indicate that butyrate enhances the bacterial clearance of macrophages through the upregulation of HDP expression.
Furthermore, we tested whether butyrate could regulate macrophage function by a butyrate-induced augmentation of the antibacterial activity and bacterial clearance. 3D4/2 cells were treated with NaB and the HAT inhibitor for 24 h and then infected with E. coli O157:H7 for 1 h. Proinflammatory mediator mRNA levels were examined by qPCR. As shown in Fig. 6E , compared with the control, E. coli O157:H7 infection strongly increased the transcript levels of proinflammatory cytokines IL-6, TNF-α and IL-12p40. NaB treatment decreased the expression of these proinflammatory mediator genes, whereas the HAT inhibitor treatment had no effect on the expression of these genes when compared with cells infected with E. coli O157:H7 alone. These results indicate that butyrate has anti-inflammatory effects on macrophages.
Collectively, these results suggest that butyrate treatment augments antibacterial activity and bacterial clearance, leading to amelioration of inflammation, and that these effects are likely due to the induction of endogenous synthesis of HDPs. In the antibacterial assay, 3D4/2 cells were incubated with NaB, TSA or HAT inhibitor for 24 h. The cells were lysed, and the supernatants were incubated with E. coli O157:H7. Bacterial turbidity was measured at OD 590 nm using a microplate reader. (B) In the oxidative burst assay, 3D4/2 cells were incubated with the indicated concentration of NaB for 24 h, washed by PBS, and then incubated for 1 h with 2′ ,7′ -dichlorodihydrofluorescein diacetate (DCFH). The fluorescein was analyzed by FACS. In the phagocytosis assay, 3D4/2 cells were treated with NaB, TSA oran HAT inhibitor for 24 h and then infected with E. coli O157:H7 for 1 h. After the adherent and nonadherent bacteria were killed by gentamycin, the cells were washed, lysed, and placed onto LB agar and the colonies were counted (C). In another experiment, treated 3D4/2 cells were co-incubated with FITC-dextran for 2 h. The percentage of cellular uptake of FITC-dextran was analyzed by FACS (D). The results were normalized using the control as 100%. **Indicates a significant difference (p < 0.01) and *** Indiate an extreme significant difference (p < 0.001) compared to that of control group by One-way ANOVA. (E) 3D4/2 cells were treated with NaB and HAT inhibitor for 24 h and then infected with E. coli O157:H7 for 1 h.cDNA was analyzed by qPCR. Data were normalized to GAPDH. Data are representative of two independent experiments. Error bars represent mean ± SEM.
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Discussion
We have demonstrated, in an experimental piglet model of E. coli O157:H7 infection, that oral administration of sodium butyrate led to a substantially improved clinical course and outcome (Fig. 1) , a significant decrease of the E. coli O157:H7 load in feces (Fig. 2) and alleviation of inflammation in the intestine (Fig. 3) . Our data support the hypothesis that the mechanism of this therapeutic effect of sodium butyrate operates, in part, through its effect on endogenous HDP expression (Fig. 4) . We also described the mechanism by which sodium butyrate modulates HDP expression via the inhibition of HDAC (Fig. 5) .
Earlier reports have shown that butyrate-producing bacteria (C. butyricum) reduce E. coli O157:H7 counts in feces. Although the mechanism remains elusive, the proposed explanation is that butyrate production induces bactericidal effects in vivo 44 and that butyrate can inhibit bacterial growth at high doses 45 . Similarly, our results showed that high butyrate concentrations (256 or 512 mmol/L) were required to kill or inhibit bacterial growth in vitro (see Supplementary Fig. S1 online) . Because the majority of butyrate can be quickly absorbed in the upper digestive intestine after butyrate is orally administered [46] [47] [48] [49] [50] , the butyrate concentration required to inhibit bacteria in the colon is difficult to achieve. The mechanism by which bacterial load is reduced is unlikely achieved through the direct bactericidal activity of butyrate. In the current study, we proposed a new mechanism in which butyrate has a regulatory effect on endogenous HDP expression, which contributes to the elimination of pathogens and leads to the alleviation of inflammation. Here, we showed that the oral intake of sodium butyrate by E. coli O157:H7-infected piglets led to a reduced clinical severity, a reduced bacterial fecal load, and an amelioration of intestinal inflammation along with an upregulation of endogenous HDP expression. HDPs are critical to the barrier defense provided by the innate immune system, and deficits in HDPs production can increase susceptibility to infections 51 . The production of high levels of HDP mRNA reflects a strategy employed by the host to intensify the innate defense for protection against the invading pathogens. Treatment with butyrate increases the transcription of HDPs, which enhances disease resistance in piglets.
We next investigated the mechanisms underlying butyrate-induced HDP gene expression. It is widely known that butyrate inhibits HDAC activity in many cell types. We investigated whether butyrate exerts its HDP-induced effects by acting as an HDAC inhibitor. In the present study, we showed that butyrate phenocopies a well-characterized HDAC inhibitor, TSA, in macrophages. Like TSA, butyrate inhibited HDAC enzymes in 3D4/2 cells and nuclear cell extracts (Fig. 5A,B) . Both butyrate and TSA increased the overall levels of histone H3 acetylation, whereas the HAT inhibitor inhibited the overall levels of histone H3 acetylation (Fig. 5C,D) , suggesting that butyrate acts as an HDAC inhibitor in 3D4/2 cells.
In addition, we found that butyrate and TSA, HDAC inhibitors, and an HAT inhibitor have opposing activities to regulate HDPs gene expression. Both butyrate and TSA upregulate pBD2, pBD3, PG1-5, PMAP37 and PR39 gene expression, whereas the HAT inhibitor downregulates the expression of these genes (Fig. 5E) . Furthermore, we performed ChIP experiments and demonstrated that treatment of 3D4/2 cells with butyrate or TSA led to an increase in H3K9Ac levels at the promoter regions of pBD2, pBD3, PG1-5, PMAP37 and PR39, whereas the HAT inhibitor decreased H3K9Ac levels at the promoter regions of these genes (Fig. 5F ). H3K9Ac is typically considered a marker of ongoing transcription 39, 40 . Collectively, these data strongly support the hypothesis that butyrate upregulates HDP gene expression via HDAC inhibition.
Finally, we tested whether butyrate has ameliorative effects on macrophages in a model of inflammation induced by E. coli O157:H7 infection. It is noteworthy that the HDAC inhibitor, butyrate, upregulated HDP gene expression and led to an enhancement of antibacterial activity and bacterial clearance by macrophages. This change resulted in a reduction in the number of living E. coli O157:H7 cells and an amelioration of the inflammatory response, which is consist with in vivo results. In contrast, the HAT inhibitor inhibited HDP gene expression and led to the suppression of antibacterial activity and bacterial clearance by macrophages (Fig. 6) . Together, these data suggest that butyrate augments the antibacterial activity and bacterial clearance of 3D4/2 cells, leading to an amelioration of inflammation, which is due to the induction of the endogenous synthesis of HDPs.
In this study, we use piglets as a model rather than mice of rats because of that there are more morphological and physiological similarities, such as renal and digestive systems, between human and porcine than for rodent. This study focused on E. coli O157:H7 infections because of the clinical relevance and no specific treatment available 9 . New strategies, such as toxin-component vaccines, toxin neutralizers, and monoclonal antibodies that inhibit toxic effects, have been investigated to prevent or treat diseases caused by E. coli O157:H7 [52] [53] [54] [55] . The antimicrobial peptide cathelicidin LL-37 also shows a protective effect against E. coli O157:H7 infection 51 . Our results demonstrate a novel strategy that uses butyrate to stimulate endogenous HDP production and prevent or treat this type of infection.
In conclusion, we demonstrated that butyrate, a natural product of digestion, can be administered to induce endogenous HDP expression, which, in turn, enhances disease resistance, promotes the clearance of E. coli O157:H7, and alleviates clinical symptoms and inflammation, and we also elucidated the mechanism of butyrate-induced HDP expression is via the inhibition of HDACs. Our results may also provide a novel method by which dietary substances, such as SCFAs, can potentially be used to manipulate the expression of endogenous HDPs and to boost barrier defenses of innate immunity and disease resistance. Butyrate can also be developed as a new drug candidate to treat E. coli O157-mediated disease.
Materials and Methods
Reagents. Sodium butyrate (purity above 99%) was purchased from Sigma-Aldrich (Shanghai, China).
Vancomycin, streptomycin, gentamycin and cefixime tellurite sorbitol MacConkey agar were purchased from Aladdin (Shanghai, China). ELISA kits for TNF-α , IL-1β , IL-6, IgA, IgG, and IgM were purchased from Biovol The methods were carried out in "accordance" with the approved guidelines. A total of 24 weaned piglets (Duroc × Landrace × Yorkshire) were treated with vancomycin (1 g/kg of diets) and streptomycin (5 g/kg of diets) for 3 d to reduce the normal levels of commensal flora. Then, all piglets were weighed and randomly grouped into four treatments with 6 piglets per group. Piglets were fed with a standard antibiotic-free diet mixed, with or without 0.2% sodium butyrate, throughout the trial period. After two days, the piglets were orally infected with 100 mL of the prepared bacterial suspension at a dose equivalent to 10 11 CFU/ pig every other 24 h for 3 d. Control animals received 100 mL of sterile solution containing 10% (w/v) NaHCO 3 and 20% (w/v) sucrose. Feces were collected at 24, 48, 72, 96 and 120 h after the last bacterial inoculation was administered.
Specimen collection. At the end of the experiment, all piglets were narcotized and slaughtered. Tissues from the ileum and colon were collected and immediately frozen in liquid nitrogen. Blood samples were stored in coagulating tubes and centrifuged at 1000 × g at 4 °C for 30 min to obtain the serum. The samples were stored at − 80 °C until further analysis. Hemoglobin, platelet, and creatinine levels in the blood obtained from the precaval vein were analyzed using an automatic biochemical analyzer.
Bacterial counts in feces. Feces were weighed, homogenized, suspended in sterile PBS, and serially diluted in PBS. Dilutions were inoculated on sorbitol MacConkey agar (SMAC) plates containing cefixime (0.5 mg/L) and potassium tellurite (2.5 mg/L). After an overnight incubation at 37 °C, the selected sorbitol-negative colonies (white colonies) were counted and evaluated to determine E. coli O157:H7 content using multiplex PCR assays 56 .
Immunohistochemical analysis of macrophages and neutrophils in colonic tissue. The middle section of the colon was removed for immunohistochemical analysis as described previously 57 . Four to six microscopic fields were randomly selected from each animal, and the images were analyzed using Image-Pro Plus 6 (Media Cybernetics, Rockville, MD, USA).
Measurement of cytokines and immunoglobulins in the serum. The concentrations of the cytokines TNF-α , IL-1β , and IL-6, as well as those of the immunoglobulins IgA, IgG, and IgM, in the serum were measured using commercially available porcine ELISA kits according to the manufacturer's instructions.
Quantitative real-time PCR analysis of porcine gene expression. Total RNA was isolated with TRIzol reagent. cDNA was synthesized using a reverse transcription kit. PCR was performed using a SYBR Premix Ex Taq ™ kit on a Step One Plus TM real-time PCR System (Applied Biosystems, Carlsbad, CA, USA). The gene-specific primers are presented in Table 1 . mRNA expression levels were determined using the 2 −ΔΔCt method 58 with porcine GAPDH as a reference.
Antibacterial activity of 3D4/2 cells. 3D4/2 macrophages in 12-well cell culture plates were treated with or without NaB, trichostatin A (TSA) and the HAT inhibitor Epigenetic Multiple Ligand 59 for 24 h. The cells were washed with PBS twice, lysed with 0.1% Triton X-100, and centrifuged at 8000 × g for 15 min at 4 °C. Cell suspensions of 2 × 10 4 CFU E. coli O157:H7 in 20% LB medium containing 1 mmol/L NaH 2 PO 4 and 25 mmol/L NaHCO 3 were added to a 96-well culture plate. The plate was incubated at 37 °C. The bacterial turbidity was Western blot analysis. The concentration of protein in extracts from 3D4/2 cells were determined using a BCA Protein Assay Kit. Extracts containing equal quantities of proteins (50 μ g) were resolved on polyacrylamide gels and transferred to PVDF membranes. The membranes were blocked for nonspecific binding for 30 min (5% skimmed protein in PBS) and incubated overnight at 4 °C with antibodies for acetylated histone H3 (Ac-H3) and histone H3 (H3). Blots were developed using ECL detection reagents, exposed on Kodak Xdmat blue XB-1 film, and quantified by ImageJ software.
Immunofluorescence analysis of acetylated histone H3. 3D4/2 cells were seeded in glass-bottomed dishes (MatTek Corporation, Ashland, USA) and treated with NaB (4 mmol/L), TSA (3 μ mol/L) and HAT inhibitor (50 μ mol/L) for 24 h, washed with PBS and fixed in 100 μ L 4% paraformaldehyde for 15 min, and washed with PBS three times for 3 min. The cells were permeabilized in 100 μ L 0.5% Triton X-100 for 20 min at room temperature, washed with PBS three times for 3 min, and blocked in 100 μ L 1% BSA for 30 min. The cells were incubated in 100 μ L antibodies for acetylated histone H3 (Ac-H3) (1:200) in 1% BSA at 4 °C in a humidified container overnight. The cells were washed three times for 5 min with PBST prior to incubation in 100 μ L Cy3-conjugated goat anti-rabbit IgG in 1% BSA for 60 min at ambient temperature in the dark. The cells were washed with PBST and then mounted with DAPI for 5 min, after which they were washed with PBS, and the fluorescence was detected using a confocal microscope.
Chromatin immunoprecipitation (ChIP) assay. ChIP was performed according to the protocol described previously 60 . Briefly, 3D4/2 cells were treated with or without NaB (4 mmol/L), TSA (3 μ mol/L), and HAT inhibitor (50 μ mol/L) for 24 h. The cells were then cross-linked with formaldehyde and sonicated. The resulting cell lysates were immunoprecipitated with 2 μ g of acetylated histone H3 (Lys 9) antibody or the IgG control. The precipitated protein-DNA complexes were subjected to proteinase treatment. The recovered DNA was purified and analyzed by qPCR using gene-specific primers (Table 2) .
Statistics. Data are represented as the mean ± SEM. The difference between groups was determined by Student's t-test or, if there were more than two groups, by ANOVA. E. coli O157:H7 CFU in stool was compared between the treatment groups by Kaplan-Meier survival plot and was determined by log-rank (Mantel-Cox) test. All of the data are presented as mean ± SEM, and a p-value at p < 0.05 was taken as statistically significant. 
